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ABSTRACT 
Carbon dioxide capture and storage (CCS) technologies have been proposed as 
promising alternative to reduce CO2 emissions from fossil-fuel power plants with post-
combustion capture. Absorption by aqueous amine-solutions is considered the most 
mature and industrially developed technology for post-combustion capture. One of the 
most significant issues hindering a large deployment of this technology is potential 
amine degradation. Amines degrade in presence of O2, CO2, NOx, SO2 and heat 
resulting in solvent loss, equipment corrosion and generation of volatile degradation 
compounds. Two types of degradation have been identified in the literature, namely 
oxidative and thermal degradation. A review of the amine-based solvents, its main 
degradation products, the apparatus and analytical methods most widely used, as well as 
the mechanism proposed and kinetic studies are presented and discussed here. 
Moreover, amines emissions from CO2 capture units can react in the atmosphere via 
photo-oxidation and also via NOX reactions to give nitrosamines and nitramines, which 
are potentially harmful to the human health and the environment. A discussion of the 
recent works on atmospheric degradation of amine solvents is also included in this 
review. 
 
 1. - INTRODUCTION 
Global energy demand is expected to increase up to 30% in the next 22 years, with 
fossil fuels continuing as the primary energy source.
1
 Carbon dioxide capture and 
storage (CCS) technologies have been proposed as promising alternative to reduce CO2 
emissions from fossil-fuel power plants. Post-combustion capture using chemical 
absorption by aqueous amine-solutions is the most mature and industrially developed 
technology. The amine-based chemical absorption process has been used for CO2 and 
H2S removal from gas-treating plants for decades.
2
 Monoethanolamine (MEA) is 
considered as a benchmark sorbent due to its high cyclic capacity, significant 
absorption-stripping kinetic rates at low CO2 concentration and high water solubility.
2
 
Some other amine-based absorbents have also been studied, such as diethanolamine 
(DEA), triethanolamine (TEA), diglycolamine (DGA), N-methyldiethanolamine 
(MDEA), piperazine (PZ), 2-amino-2-methyl-1-propanol (AMD) and N-(2-
aminoethyl)piperazine (AEP). 
A typical chemical absorption scheme is shown in Fig.1. A low CO2 concentration flue 
gas, typically between 12-15%, is introduced in the absorber in countercurrent with lean 
absorbent from the stripper at 50 - 55ºC and ambient pressure.
3
 As CO2 is absorbed, rich 
amine from the absorber bottom is fed into a cross-exchanger with lean amine before it 
is introduced into the stripper. The stripping temperature varies between 120ºC -150ºC 
and the operating pressure reaches up to 5 bar. A water saturated CO2 stream is released 
from the top and is subsequently ready for transport and storage, while lean amine 
leaving the stripper is introduced into the absorber.
2,4
  
 Figure. 1. Diagram of a conventional CO2 capture process using amine-based chemical 
absorption 
2
  
However, the high energy penalty related to amines regeneration and solvent 
degradation is hindering a large deployment of this technology. Solvent regeneration is 
a high-intensive energy process due to the stripper operating conditions and solvent 
used. New solvents and blends have been proposed to reduce the reboiler duty in 
comparison with MEA. Moreover, the operating costs related to amine degradation have 
been estimated to be around 10% of the total CO2 capture cost.
5
 Solvent degradation can 
lead to operational issues, such as fouling, foaming, increase of corrosion rates and 
environmental issues due to waste disposal and generation of volatile degradation 
compounds, which have been identified as potentially harmful to the human health and 
the environment.
6-8
 In recent years, the use of more resistant amines, blends and 
inhibitors has been proposed to reduce the solvent loss and operational cost.
4
 CO2 
chemical absorption can be optimized by using more resistant solvents, reducing 
economical losses (solvent make-up) and the environmental impact of the degradation 
products. Moreover, CO2 capture operational costs can be minimized by using higher 
operating conditions (temperature and pressure) in the stripper, and treating flue gases 
with low level of SO2 and NOx, since this would decrease the degradation of the 
solvent.
4
  
Degradation studies have been required to identify potential environmental and 
operational issues related to amine degradation compounds. Two main types of amine 
degradation have been identified, namely oxidative and thermal degradation. Oxidative 
degradation occurs in the presence of O2 from the flue gas into the absorber and the 
cross-exchanger. Thermal degradation mainly occurs in the stripper in the presence of 
CO2 at temperatures between 100 and 150ºC. Moreover, recent studies have identified 
that volatile amine and degradation products from cleaned gas at the absorber and 
stripper top degrade in the atmosphere by photo-oxidation.
8,9
 Higher temperature and 
pressure conditions increase degradation rates.
4
 The presence of cations from corrosion 
products catalyzes the process, speeding up the degradation rates.
10-12
 Finally, solvents 
degrade in the presence of traces of SO2 and NOx present in the flue gas.
13-15
 
This review summarizes the recent growing body of literature in amine degradation. 
The development of further advanced analytical methods in the last decade has provided 
the identification of new degradation products. Therefore, novel degradation 
mechanisms have been proposed to address the formation of new compounds. 
Moreover, amine-based solvent degradation studies have provided novel degradation 
kinetic models for piperazine, N-methyletanolamine or 2-amino-2-methyl-1-propanol. 
Several studies have analyzed samples taken from long-term operated pilot plants, 
taking into account both oxidative and thermal degradation during operation,
16-20
 
whereas other authors have focused on one of the types of degradation at lab scale 
plants: oxidative,
21-24
 thermal,
15,25-27
 thermal oxidative,
28,29
 atmospheric degradation.
8,30
 
The effect of NOx, SO2, cations and the development of anti-foam products and 
inhibitors has also been studied.
7,12,14,31
 Since solvent degradation rates are slow, the use 
of cations and higher temperature and pressure conditions are required in order to speed 
up the degradation process in laboratory tests and minimize experimental time.
4,11
 
Recently published reviews have either focused on one of the degradation mechanism, 
oxidative,
32
 thermal
4
 or atmospheric degradation,
33
 or a combination of thermal and 
oxidative degradation.
3
 A global overview of the entire degradation phenomena is 
crucial to understand the operating conditions, parameters and configurations more 
suitable to implement and design post-combustion capture based on CO2 chemical 
absorption at industrial scale in mid-term. In this review we are addressing all types of 
degradation for different amine solvents used in chemical absorption and the apparatus 
and analytical techniques used in the degradation studies. A critical survey and 
discussion of all the recent works on this topic is presented, including atmospheric and 
process-based degradation, studied solvents, main degradation products and 
mechanisms proposed. Finally, the knowledge gaps and areas of further interest are 
identified and critically discussed. 
2. – OXIDATIVE DEGRADATION 
2.1. - Background 
Oxidative degradation is caused by presence of oxygen in the gas stream. This type of 
degradation has become a key issue for the separation of CO2 from flue gas, where the 
O2 concentration varies typically between 3 and 5%. Oxidative degradation occurs 
mainly in the absorber, at 40-70ºC, and in the rich solvent at the cross-exchanger outlet, 
at 100-145ºC.
4
 
The first studies about amine-based solvent degradation were carried out by the U.S 
Army during the 1950s and 1960s and were applied to submarine atmosphere 
purification systems.
23
 More than forty amine-based solvents and blends were 
investigated. The behavior of these compounds under oxidative conditions was studied 
using chlorine oxide as oxidant. Solvent loss and degradation compounds were 
determined and several mechanisms were proposed.
34-39
 In the following years, other 
amine degradation products and mechanisms were identified, thanks to the development 
of new advanced analytical methods and techniques.
40-43
 
The most relevant amine-based solvent degradation studies are summarized in Table 1 
and the main findings are discussed on the following sections. 
2.2. - Apparatus and lab-scale plants 
Most of the studies referenced in Table 1 have been carried out using batch and semi-
batch reactors at laboratory scale. For semi-batch reactors, low gas flow apparatus has 
been used.
10,12,44,52,53
 The experiments consisted of introducing 100 mL/min of a pre-
saturated mixed gases CO2 (2%)/O2 (98%) in a 600 mL stirred and jacketed reactor, 
where solvents were previously added. The temperature was maintained at 55ºC 
(absorber operating conditions) and the experiments were run at ambient pressure.
10-
12,31,44,60
 Other works were carried out by Rochelle’s group using a high gas flow 
apparatus, where the gas flow was set between 0.5 to 7.5 L/min. Pre-saturated 
CO2(2%)/O2(15%)/N2(83%) mixed gases was bubbled into a 1000 mL reactor to 
increase O2 mass-transfer.
10,23,52,53
 Batch reactors have been used in many degradation 
studies.
14,16,22,24,28,45,46,48,50,61
 Stainless steel or glass vessels were used depending on the 
operating pressure. The volume of the reactors varied between 100 mL
48
 and 600 
mL.
24,50
 Batch reactors allow a more precise control of the experimental conditions (e.g. 
pressure), and are more appropriate if only one type of degradation is studied. In 
general, the experimental procedure was the same for all the cited references. About 
60%-70% of the vessel volume was loaded with the solution and the reactor was sealed 
to ensure any gas-leak. Then, the solution was stirred between 200 and 500 rpm and 
heated at the desired temperature.
14,24,50
 When the temperature was reached, gas with 
different compositions, from 6% O2 to pure O2,
14,22,61
 was introduced in the reactor and 
the pressure was set at the required level, from 2.5 bar O2 partial pressure
24,50,73
 up to 
3.7 bar O2 (20 bar air).
48
 Oxygen was sparged into the solution and since a small 
amount of O2 was initially dissolved, an extra volume of O2 was added to compensate 
for the pressure drop and the pressure loss produced during the sampling process.
22
 A 
close batch reactor, where solvents were pumped continuously in a structured packed 
column at absorption operating condition, has also been used.
74,75
 
New designs have been proposed to study solvent degradation during CO2 capture by 
chemical absorption process. For example, a system called Integrated Solvent 
Degradation Apparatus (ISDA) has been reported to study both oxidative and thermal 
degradation cycles during CO2 capture.
29,76
 Absorber/stripper configurations have been 
integrated in a single experimental apparatus in order to observe and identify secondary 
effects produced by CO2 capture. The oxidative degradation reactor consists of a 750-
mL jacketed and stirred glass vessel. The oxidative section consist of 400-mL vessel 
where the solution is exposed to a specific gas composition, typically defined as CO2 
(2%)/O2 (98%). The bottom of the oxidative reactor, a 330-mL vessel, simulates the 
absorber sump. Rich amine is pumped from the bottom section to a single-pass tube-in-
tube cross-exchanger, where is heated at the thermal reactor temperature, typically 
120ºC. The effect of dissolved and entrained O2 in the degradation process is studied in 
this exchanger. Finally, the thermal section consists of a 1200 mL stainless steel tube-
in-tube heat exchanger, operating a 120ºC and 5 bar.  
High Temperature Cycling System (HTCS) has been used to analyze oxidative 
degradation cycles at higher temperature by ammonia quantification in the exhaust gas. 
HTCS consists of an oxidative reactor operating at 35-45ºC where amine solvents were 
contacted with 0.5% CO2 in air. The solution was pumped from the oxidative reactor to 
a plate-and-frame cross-exchanger following by a plate-and-frame trim heater where 
solvents were exposed to higher pressure (20 bar) and temperature (150ºC).
76
 
Oxidative degradation is a very slow process, where a typical laboratory test lasts 
between 4 and 8 weeks.
10,25,29,44,50
 In some cases, the experiments have been prolonged 
for 30 weeks.
44
 Extreme experimental conditions are required to obtain results in a 
relative short-term, which means less than 2 weeks.
46,48
 Pressures above 1 bar,
14,61,73
 
high O2 concentration in the gas,
10,22,44
, high temperature
50,61,77
 and addition of Fe, V, 
Cu, Cr/Ni cations
11,12,23,31
 are used to speed up the degradation rates without changes in 
the degradation products and their formation mechanism. The same degradation 
products have been identified at pilot plant test running typical CO2 chemical 
absorption-stripping conditions. 
2.3. - Analytical Methods 
The analytical methods and equipment used to identify amine degradation products are 
summarized in this section. 
2.3.1. - Gas Chromatography (GC) 
GC is employed to separate the degradation products from the solvents liquid samplings 
through the use of polar and non-polar columns.
16,24,48,60
 GC is combined with different 
detectors to identify and quantify the main degradation products and the amine 
remaining in the solution, with the most widely used Flame Ionization Detector 
(FID).
60,61
 GC combined with Atomic emission detection (AED) has been used to 
determine the elemental ratios of carbon, hydrogen, nitrogen and oxygen.
47
 Mass 
Spectrometry (MS) and Fourier Transform Infrared Spectroscopy (FTIR) have also 
been used in amine degradation studies.
16,24,28,45,47,48,50,61,74,75
 
GC-MS is the technique chosen for degradation product identification and 
quantification of new solvents.
16,24,28,29,45,61,78
  
2.3.2. - Ion Chromatography (IC) 
IC has been used to study amine degradation compounds. Anion chromatography was 
used to identify heat stable salts (HSS), such as carboxylates, nitrate and nitrite. It is the 
most common method used to determine negatively charged 
compounds.
10,11,23,31,44,45,52,53,60,61,74,76
 Cation chromatography was used to quantify the 
amine loss in the solution.
11,23,24,44,45,52,53,61,76
 However, this technique is not able to 
detect amine in samples with degradation rates less than 0.3 mM/h.
10
 This technique 
was also used to determine the positively charged degradation products and species 
exhibiting amine functionality (alkalinity).
10,29,44
 
2.3.3. - Liquid Chromatography (LC) 
LC combined with electrochemical detection (ED) has been used for amino acid 
detection and combined with MS, to quantify amine concentration remained in the 
solution.
16,28,29,74,75,76,78
 It has been reported that LC-MS showed is motre accurate in the 
determination of amine concentration (2%) than GC-MS. For this reason, lately, LC-MS 
has been adopted by other authors for amine loss determinations.
674,75,78
  
 
2.3.4. - High Performance Liquid Chromatography (HPLC) 
HPLC has been widely applied in amine degradation studies. Amine concentration in 
the solution was quantified using HPLC combined with MS.
29
 or with refractive index 
detection (RID).
14,22,46,73
 Supap et al. compared different analytical methods for amine 
degradation studies, such as GC-MS, HPLC-RID and CE-DAD (capillary 
electrophoresis-diode array detection), confirming HPLC-RID as the best analytical 
method to carry out simultaneous analysis of MEA concentration and degradation 
products.
22
 HPLC-MS was used for the determination of N-(2-hydroxyethyl) formamide 
(HEF) and N-(2-hydroxyethyl) imidazole (HEI), as main degradation products of MEA 
(Table 2). Other combination such as HPLC with evaporative light scattering detection 
(ELSD) and HPLC with electrochemical detection (ED) were used for the identification 
of non-anionic degradation compounds and the determination of the total glycine in the 
solution, respectively.
10,11,31
 A method for detecting aldehydes is reported by Nielsen et 
al.,
79
 where 2,4-dinitrophenylhydrazine (DNPH) reacted selectively with aldehydes to 
produce aldehyde-DNPH. This complex was separated with reverse-phase 
chromatography and detected by UV which was used to HEF determinations.
52,53
 HPLC 
was also recommended for the evaluation of all the material balances, because it did not 
alter the chemistry of samples during the analysis.
10
 
Other analytical methods have been used for more specific determinations. FTIR was 
used to analyze the gas samples and to identify the amine volatile compounds;
10-
12,23,31,52,53,60,61
 Ultraviolet-Vis Spectrophotometry (UV-Vis) was used for 2,4-lutidine 
identification in AMP studies.
12,24,60
 Finally, Nuclear Magnetic Resonance (NMR) was 
used to identify degradation compounds.
48.60 
 
 
2.4. - Degradation products and formation mechanism 
The main oxidative degradation products identified in the literature are listed by 
increasing molecular weight in Table 2 and their formation mechanisms are discussed in 
the following sections. 
Two main mechanisms, namely electron abstraction and hydrogen abstraction, have 
been proposed as formation pathways of the degradation compounds summarized in 
Table 2. According to several authors,
32,35-39
 the electron abstraction mechanism is 
based on the extraction of an electron from the nitrogen in the amine group by a reactive 
free radical (most likely a metal ion from corrosion phenomenon), which is considered 
the rate-limiting step.
11,12
 The radical formed from the amine, aminium cation radical, 
reacts to produce imine radical, which then loses a free radical to produce imine.  
The second mechanism is hydrogen abstraction that consists of an amine cyclic 
formation by hydrogen bonds, in which amine radical is transferred internally through 
the ring structure formed, resulting in ammonia, aldehydes and aldehydes radicals as 
main degradation products.
11,12,32,43
 The hydrogen is likely extracted from the α-
carbon.
23,37
 Bedell
21,64
 proposed hydroxyl radical and organo-peroxy radical as potential 
pathways to produce the hydrogen abstraction and form the organic radical (Figure 2).
 
 
Figure. 2. Potential precursors for hydrogen abstraction adapted from Bedell.
21,64
 
 
Carboxylic acids are the most common degradation compounds in amine-based 
solvents, as shown in Table 2. Aldehydes are auto-oxidized in the presence of oxygen to 
form carboxylic acids by peroxy acid.
11,80
 Carboxylic acids can be dissociated in pH-
basic solution to form heat stable salts (HSS) with the amines.  
More than forty degradation compounds have been identified with unknown pathways .
3
 
Many works have proposed specific mechanisms to explain some degradation product 
formation. Lepaumier et al.
48
 studied twelve ethanolamines and ethylendiamines and 
found the main reactions that lead to their degradation compounds. For secondary and 
tertiary ethanolamines, the proposed reactions were demethylation, methylation, 
dealkylation, addition, ring closure and hydroxethyl substitution. For the primary 
ethanolamines, dealkylation, addition and piperazinones formation were the most 
common reactions. In the case of ethylenediamines, piperazinones were the main 
degradation product, except for TMEDA.  
According to Lepaumier et al.,
48
 tertiary amines are more stable than MEA due to steric 
hindrance, which prevents dealkylation, and due to reduction of volatile compound 
formation. The latter is related to the formation of one radical on the R-position of the 
nitrogen atom. It is important to notice that steric hindrance in AMP does not inhibit 
alkylation reaction, since oxazolidone was observed as degradation product.
45
 
MEA is the solvent which has received the most extensive investigations because it is 
the most widely used as CO2 capture solvent. MEA degrades by electron abstraction 
mechanism to form aldehyde compounds and ammonia from the imine. Two main 
routes have been identified (Figure 3): 1) hydrolysis
35
 and 2) amino-peroxide radical 
route.
82,83
 
 Figure. 3. Routes for the MEA degradation pathways by electron abstraction adapted 
from Chi and Rochelle.
82,83
 
Strazisar et al.
47
 and Rooney et al.
51
 have proposed two different pathways to describe 
carboxylic acids formation by hydrogen abstraction, in which 2-hydroxyethylamino-N-
hydroxyethyl acetamide and hydroxyethyl-formamide are identified as the main 
produced organic acid when MEA reacts with carboxylic acids and respective 
aldehydes. Both pathways lead to the same degradation products.
 
Specific mechanisms to describe the formation of MEA degradation products have been 
proposed (Table 2). Formic and acetic acids formation mechanisms have been identified 
by Supap et al.
84
 OZD is produced by carbamate ring closure reaction.
16
 MEA reacts 
with acid formic to form HEF.
10,16
 HEPO is formed by dehydration of HEHEAA
47
 and 
HEI mechanism is proposed by Sexton et al.
10
 and Arduengo et al.
85
 Other authors have 
leaded efforts to other solvents, such as MMEA
16
 and AMP.
24,45 
 
2.5. – O2 mass-transfer considerations 
Based on mass transfer with chemical reaction theory, oxidative degradation of amine 
solvents with O2 must take into account two types of interactions. First, O2 must reach 
liquid bulk by dissolution into amine solution and then reacts with solvents to be 
degraded. Therefore, oxidative degradation rate depends on both O2 absorption rates 
from flue gas into aqueous amine solutions (mass transfer), as well as kinetic behavior 
of the O2-solvent reactions.
80 
Goff and Rochelle studied NH3 formation rates during oxidative degradation 
experiments of MEA to evaluate O2 mass transfer effects. NH3 formation rates were 
increased by faster stirring the solution and a linear dependence of O2 concentration was 
observed.
10,80
 Goff concluded that MEA degradation rates are O2 mass transfer limited 
under certain conditions. Therefore, O2 mass transfer plays an important role in 
oxidative degradation. Presence of cations such as Fe, Mn and Cu in moderate 
concentrations lead to mass transfer controlled regime whereas, a reaction rates and 
kinetic controlled degradation was the result of presence of low concentrations and 
inhibitors. Mn showed higher oxidative rates in MEA degradation studies than Cu.
52,53
 
MEA concentration showed the same effect: mass transfer controlled at low 
concentrations and kinetic controlled at high concentration. Values between 2m and 7m 
provided intermediate mass transfer-kinetic effects.
12,80
 Sexton et al.
10,11
 showed that V 
cations produced opposite effects compared to  that observed in Fe and Cu experiments. 
Sexton also concluded that products which increase ionic strength of the solution and 
lower CO2 loading of the solvent, decrease O2 mass transfer and thus result in lower 
degradation rates.
11
 Voice et al.
52,53
 indicated that the presence of CO2 increase NH3 
formation until CO2 loading equal to 0.3.  
Other amines showed similar behavior than MEA. O2 mass transfer limitations were 
observed in presence of high concentration of cations for PZ aqueous solutions
60
 and 
studies conducted by Wang
45
 indicated that AMP is partially controlled by O2 mass 
transfer. CO2 loading and O2 concentration were considered the key parameters to 
determine oxidative degradation rates for this solvent.
45
 
Low degradation rates obtained from industrial-scale plants suggests oxidative 
degradation in real plants is probably controlled by O2 absorption rate in the liquid 
solution
80
 and it occurs in the CO2 absorption section.
4
  
2.5. - Kinetic studies 
According to Goff and Rochelle
80
, previous studies on kinetic of degradation process 
reported lower degradation rates and apparent mass transfer coefficient. Results showed 
O2 absorptions rates instead of kinetic rates due to O2 mass transfer effects were not 
considered. Later studies on kinetics were carried out at higher stirring and O2 
concentration to avoid O2 mass transfer interactions. In those cases, kinetic phenomena 
were evaluated appropriately during degradation experiments. 
A few kinetic models for describing oxidative degradation process can be found in the 
literature and are presented in Table 3. The predictions obtained fit fairly well with the 
experimental results, showing 25% of average absolute deviation in some cases, 
indicating that these models must be improved in order to increase the prediction 
accuracy on degradation rates and product speciation.
14
 Bedell
21,64
 summarized the 
constant rates for the amine reactions with radicals. The highest rate constant was 
shown by hydroxyl radical (OH•), between 108 – 1011 L/mols. Other radicals, such as 
HO2 and and O2
•-
 showed rate constants lower than 100 L/mols. According to Sexton et 
al.,
11
 MEA degradation rates below 7 mM/h indicate kinetic-controlled reactions, 
whereas higher values represent O2-mass transfer as the rate-limiting step. 
2.6. - Inhibitors 
Inhibitors have been proposed to reduce oxidative solvent degradation, performing as 
oxidative species scavengers and chelating agents for radicals. Sulphite and thiosulphate 
have been used as OH radical scavengers.
86
 Ethylenediaminetetraacetic acid (EDTA) is 
the most used inhibitor, being an excellent chelator for Cu and Fe cations, avoiding their 
exposure to O2 and subsequent oxidative degradation of the solvent.
11,12,23,31,46
 A 
potential new inhibitor, identified as inhibitor A in the literature, has been developed 
which can be used with MEA, PZ or MEA/PZ blends in CO2 absorption conditions and 
at temperatures below 90ºC.
11,29,31,44
 Voice et al.
23 
verified a reduction in NH3 formation 
in MEA solutions through a change in the formation mechanism in presence the 
inhibitor A. Other inhibitors have been used tested, such as sodium sulphite, 
formaldehyde, formate
31
, hydroquinone, manganese, ascorbic acid, stable salts
12
, and 
radical scavengers as p-benzoquinone and 2,2,6,6-tetramethyl -4-piperidinol.
87
 
Supap et al.
46
 optimized the operation of four inhibitors and their blends in MEA 
solutions operating with flue gas at high levels of SO2 (up to 196 ppm) and 120ºC. 
Sodium sulphite was used as an O2/SO2 scavenger, whereas potassium sodium tartrate 
tetrahydrate, EDTA and hydroxylamine were used as radical scavengers. This research 
identified the concentration of the inhibitor as key parameter for its efficacy. Table 4 
shows the averaged degradation rate of MEA for each inhibitor tested. As can be seen, 
inhibitor concentrations above the optimal value increase the degradation rate and made 
inhibitors ineffective (Table 4). Sodium sulphite 0.05 M and potassium sodium tartrate 
tetrahydrate blend 0.01 M were identified as the most effective inhibitor either in the 
presence or absence of CO2. EDTA 0.0025 M and hydroxylamine 0.025 M showed 
were less effective as oxidative degradation inhibitors, showing higher averaged 
degradation rates. 
Several authors noticed operational issues related to the use of inhibitors either for 
reduction of corrosion or degradation. Corrosion inhibitors as NaVO3 are potential 
degradation catalyst.
73
 EDTA showed degradation issues, promoted Fe formation and 
acted as catalyst for activating intermediate peroxide and hydroxyl radical formations.
21
 
3. – THERMAL DEGRADATION 
3.1. - Background 
Thermal degradation occurs in the stripping column at the operating temperature, 
typically 120ºC, being catalyzed by the presence of CO2.
2,88
 A summary of the main 
thermal degradation studies of amine-based solvents is shown in Table 1. Degradation 
products decrease the cyclic capacity of the amine-based sorbent as well as increase the 
viscosity and the foaming formation. Corrosion issues also have been associated with 
these compounds.
62,77
 First studies of thermal degradation were carried out by 
Polderman et al.,
89,
 where MEA degraded in the presence of CO2. HEED was identified 
as the main degradation product and a mechanism was proposed to produce this 
compound from carbamate ion. Other published works focused on DEA in which 
BHEP,
90
 THEED,
91
 TEA
92,93
 and a high molecular weight polymer
94 
were identified as 
main degradation products and an adapted mechanism from MEA was proposed. 
DIPA,
95
 DGA
96,97
 and MDEA
98,99
 were also studied. 
Temperature has been reported as key parameter to control the extent of the degradation 
process in chemical absorption. Operation at low temperature during solvent 
regeneration can lead to further reductions of the degradation rate and minimization of 
solvent make-up.
4,90,100
 However, the specific energy requirement related to the solvent 
regeneration in the stripper is minimized at higher temperature, typically between 120-
150ºC.
4
 Therefore, a careful balance between solvent make-up and overall solvent 
regeneration costs must be conducted to optimize CO2 stripping process.
4
 CO2 loading 
in the lean amine and the presence of CO2 in the gas phase have been identified to 
influence thermal degradation and they must be taken into account to optimize the CO2 
capture process by chemical absorption.
88
 Experiments using MEA oxidative degraded 
has showed lower thermal degradation rates than MEA make-up due to decomposition 
of the main oxidative degradation compounds at higher temperature.
54 
3.2. - Apparatus and lab-scale plants 
Thermal degradation studies have been carried out in batch operation mode. Two 
different experimental procedures have been reported. Batch reactors and autoclaves 
were filled with amine solution, being purged with either N2 or CO2 to strip the 
dissolved O2. Afterwards, the solution was heated at the desire temperature and the 
pressure was set up through a blanket of either N2, to study only temperature effects on 
thermal degradation,
16,24,28,68,69
 or on CO2 .
48,69,70,77
 Other mixed gases such as 75% 
molar CO2 concentration have also been used.
77 
Reactor volumes varied between 100 
and 1000 mL,
45,48
 being 600 mL the most commonly used.
68-70,72
 Other thermal 
degradation experiments have been carried out using a large amount of small cylindrical 
vessels with a volume between 4 and 10 mL,
15,16,25,27,28,44,54-57,65,66 
The amine solution 
was degassed before being introduced in the vessels. Then, the multiple vessels were 
placed in convection ovens and heated at the desired temperature and then withdrawn at 
regular intervals to be analyzed. The number of vessels used depended on the regular 
intervals assumed and the total time required for each experiment.
16,25,27,,28,44,54-57,65,66,101
 
Thermal degradation experiments in the presence of O2 have been carried out using an 
Integrated Solvent Degradation Apparatus (ISDA).
29
 Solvents were alternatively 
exposed to oxidative and thermal degradation with O2 entrainment into the cross-
exchange and the stripper. The thermal reactor consisted of a 1.2 L stainless steel tube-
in-tube heat exchanger. Stainless steel has been widely used in thermal degradation 
reactors. However, several authors have worked with glass vessels to avoid the presence 
of cations from the steel corrosion during the experiments.
28,45
 
Thermal degradation experiments were carried out at temperatures from 
100ºC
24,25,44,65,66,69
 up to 200ºC
66,69
, with 135ºC and 140ºC as the most common 
temperature used.
16,24,28,48,77
 High pressure has been used to speed up the degradation 
process, reaching up to 137 bar,
71
 typically close to 20 bar.
69,102
 
3.3. - Analytical Methods 
A literature review of the analytical methods used in thermal degradation studies is 
summarized here. 
3.3.1. - Gas Chromatography (GC) 
GC-MS is the most used analytical technique in thermal degradation studies, being 
applied to identify and quantify degradation compounds,
16,26,28,68-70,77,101-103
 non-ionic 
degradation compounds
45
 and to determinate the remaining solvent concentration in the 
solution.
48,101
 Electron Impact (EI) and Chemical Ionization (CI) using methane as an 
agent gas were used to carry out GC-MS analysis.
45,48,69,70
 Other techniques such as 
thermal conductivity detection (TCD) and flame ionization detection (FID) have been 
used in thermal degradation.
72
 In several oxidative degradation studies, GC-MS was the 
preferred method to identify and quantify degradation products
16,26,28,67,101
 and to be 
applied to new solvents degradation studies
45,77
  due to its comprehensive compounds 
libraries.
78
 
3.3.2. - Ion Chromatography (IC) 
IC has been used to determine ionic species.
15,25,54-56,64
 For oxidative degradation, anion 
chromatography was used to identify the heat stable salts (HSS)
103 
and anionic 
degradation species,
27,44,65
 while cation chromatography was used to quantify the amine 
loss in the solution.
25,27,44,45,55,56,65,66,103
 This technique has also been used to determine 
the positive charged degradation products and species exhibiting amine functionality 
(alkalinity).
25,27,44,55,56,65,66,103
 
3.3.3. - Liquid Chromatography (LC) 
LC combined with MS is cited as an optimal technique to determine amine 
concentration.
16,26,28,54,67
 LC combined with ED has been used to quantify the amine 
acids formed during thermal degradation.
103
 Despite many authors used GC-MS to 
determine amine concentration, both LC and IC method showed less uncertainty and 
they were preferred to quantify amine losses and degradation product 
concentrations.
16,25-28,45,67
 Several references showed that the uncertainty varied from 
1% for IC methods to 10% for GC methods.
45
 
3.3.4. - High Performance Liquid Chromatography (HPLC) 
HPLC combined with both MS and ELSD has been used to determine amine 
degradation compounds.
25,64,103
 In particular, HPLC-ELSD has been applied in MEA-
urea and HEIA determinations.
25,64
 HPLC was preferred to identify new degradation 
compounds instead of typical GC-MS method. 
3.3.5. - Other methods 
Total Inorganic Carbon (TIC) described by Hillard et al.
104
 was used to determine the 
CO2 loading in the amine solution, defined as mole CO2 per mol amine.
15,27,44,65
 
Titration method described by Mámun et al.
105
 was also used. Wang
45 
instead employed 
Total Organic Carbon (TOC).
101
 Finally, high resolution mass spectrometry technique 
(FT-ICR/MS) with electrospray ionization (ESI) has been used to identify the highest 
molecular weight degradation compounds.
48
 
3.4. - Degradation products and formation mechanism 
Table 5 summarizes the main thermal degradation products identified in the literature by 
increasing molecular weight. 
Thermal degradation studies without the presence of CO2 have resulted in no 
measurable amine loss, showing values below 1.7% and extremely low degradation 
rates.
25,45,48
 Many authors have focused on thermal degradation studies in presence of 
CO2 in which the prevalent formation mechanism related to ethanolamines is carbamate 
polymerization. Therefore, presence of CO2 is crucial to degrade amines by thermal 
mechanisms.
4,15,25,45,66,102
 A general pathway for ethanolamine degradation is shown in 
Fig. 4: 
 
Figure. 4. General pathways scheme of thermal degradation in ethanolamines adapted 
from Lepaumier et al.
102
 
The first step is carbamate formation, where primary and secondary ethanolamines react 
with CO2 to form carbamate. Under stripping temperature conditions, carbamate ring 
closure reaction occurs and oxazolidinones are formed as a degradation product. This 
compound is highly reactive and leads to dimers of the previous amines by 
oxazolidinone ring opening, reacting with amines.
48
 Dimers can lead to further heavy 
weight compounds (oligomers). In particular, MEA degrades in OZD from MEA 
carbamate by a cyclic reaction. OZD can react with another molecule of MEA to give 
imidazolidones such as HEEDA, HEIA, urea derivates and polymerization 
products.
4,15,16,25,66
 HEEDA has been found as an intermediate compound to form 
HEIA.
66
 DEA
63,68,69
 and MMEA
28
 also degrade following the same mechanism. 
Temperature, CO2 loading and amine concentration have been identified as the most 
important parameters to affect the degradation rate.
66
 
It is known that tertiary amines do not form carbamate from CO2 reactions. In this case, 
CO2 is absorbed by carbonate-bicarbonate equilibrium. Firstly, tertiary amines are 
involved in demethylation/methylation reactions that lead to either primary or 
secondary amines, as shown in Fig. 4.
102
 These reactions are catalyzed either by CO2 or 
acid presence.
4
 Elimination reactions of tertiary amines can lead to more secondary 
amines, being further degraded by carbamate polymerization. For this reason, MDEA 
can degrade at 119-129ºC.
4
 
An identical mechanism has been used to explain the thermal degradation of sterically 
hindrance amines, such as AMP. DMOZD is formed from ring closure AMP carbamate. 
DMOZD is less reactive than OZD, as main MEA thermal degradation product, due to 
the steric hindrance and slow down thermal degradation in comparison with MEA. 
DMOZD can react following the same pathways explained before to form addition 
products such as AMPAMP by ring opening, followed by DBHTMI formation from 
AMP ring closure reaction.
45
 
Ethylenediamines follow similar degradation pathways to ethanolamines (Fig.5). The 
main difference lies in the imidazolidinones formation instead of oxazolidinone, being 
more stables and will be accumulated in the solution.
48
 Elimination mechanism by 
either amines or neighboring group participation has been identified to be the most 
common way to produce intermolecular nucleophilic substitutions, giving polymeric 
degradation products such as dimer and trimer species from ethylenediamines.
102
 
 
Figure. 5. General pathways scheme of thermal degradation in ethylenediamines 
adapted from Lepaumier et al.
102
 
In the case of PZ, secondary SN2 substitution has been proposed as the main 
degradation mechanism as PZ and its degradation products are considered strong 
nucleophilic compounds.
4,15,65
 SN2 reactions are based on that protonated PZ is attacked 
at the α-carbon by PZ to form AEAEPZ following this mechanism. AEAEPZ can react 
with CO2 to give urea derivate products. AEAEPZ, PZ and urea derivate products can 
lead to further degradation by PZ nucleophilic attacks, producing AEP, PEP and EDA. 
These products react by elimination reactions to produce further degradation 
compounds. Urea can be produced by EDA carbamate ring closure. Finally, formate 
have been identified as a degradation products in PZ studies and its formation 
mechanism has been unknown yet.
65
 PZ degrade in higher rate in MEA/PZ blends due 
to the fast reaction with OZD (main MEA degradation compound) to give AEP.
25
 In 
PZ/AEP blends, the presence of both compounds has no effect on the PZ degradation 
rates but AEP degrades in lower levels than concentrated AEP. Competition of PZ for 
H
+
 produces less protonated AEP which is a precursor of AEP degradation compounds 
and the presence of PZ can inhibit AEP degradation.
57
 Recent studies of PZ/diamines 
blends have shown that the presence of diamines has no effects on PZ degradation 
rates.
55,56 
Other mechanism have been proposed to analyzed amine degradation in the presence of 
another compounds as CS2
68
 and acidic gases such as Na2SO3, SO2, H2SO4, and 
HNO3.
15
 
3.5. - Kinetic studies 
The kinetic models found in the literature consist of first order rate law based on 
Arrhenius law. A summary of the most relevant models is presented in Table 6. 
A kinetic model for MDEA thermal degradation was developed by Chakma and 
Meisen.
69
 The model took into account thirteen equations including the most relevant 
degradation products. The apparently first order constants showed a slight deviation 
from linear behavior at higher temperature. The model was in good agreement with the 
experimental results, being the predictions of BHEP and EG not as good as the rest of 
degradation compounds. Similarly, Davis
25
 developed a kinetic model to predict MEA 
degradation. Six equations were used in this model, which were in agreement with the 
experimental results. Several models have been proposed for other amines, such as PZ 
and AMP based on a pseudo-first order model.
44,45
 This model has been applied to 
evaluate apparent kinetic constant of PZ in PZ/AEP
57
 and PZ/diamines blends.
55,56
 For 
AMP, it is not clear if the degradation mechanism is first or second order.Wang
45
 
reported the rate constants from several works and the results showed higher AMP rate 
constants than MDEA rates. Moreover, the results highlighted that AMP and PZ have 
higher resistance to thermal degradation (up to seven times) in comparison with MEA.  
4. – NOx RECTIONS AND ATMOSPHERIC DEGRADATION. 
NITROSAMINES AND NITRAMINES GENERATION 
4.1. - Background 
Amine emissions are one of the main concerns associated with the integration of CO2 
capture by chemical absorption process in fossil-fuel power plants. It is known that 
certain amine-sorbents and degradation compounds can be present in flue gas emissions 
from absorption and stripping columns gas outlet due to the high volatility of these 
compounds.
106-108
 Absorbers using MEA release up to 0.8 and 0.03 kg MEA per tonne 
CO2 captured in the gas exhaust without and with wash-water treatment, respectively.
109
 
Amines and degraded compounds react under atmospheric conditions by photo-
oxidation to form several compounds called nitrosamines, nitramines, nitramides and 
amides, which have been identified as carcinogenic and highly hazardous for human 
health and the environment.
9,13,110-113
  Those compounds can also be produced by NOx-
derivate reactions with amines in the absorber.
19,114
 All amines are potential nitrosamine 
precursors.
3
 However, primary amines produce unstable nitrosamines and they are 
considered minor precursors for nitrosamines formation. Nitrosamines are formed from 
reactions between NO compounds with secondary amines or degradation products from 
tertiary amines. Avoiding primary amines reactions to form secondary amines is 
required to reduce nitrosamine formation from primary amines. Both pathways have 
been summarized in this paper. 
Several alternatives have been proposed to mitigate amine and derivates emissions from 
CO2 chemical absorption units. Washing treatment with both water and acid aqueous 
solutions and UV radiation are the most common techniques. They can reduce those 
emissions up to 90%. Recent studies carried out by Fine et al.
115-117
 and Knuutila et 
al.
118 
showed that thermal decomposition of nitro-compounds is a promising technique 
to reduce nitrosamines and nitramines levels in the exhaust gas. A pseudo-first order 
was proposed to determine the decomposition rate of the main nitro-compounds 
produced from PZ and MEA.
115-117
  
Many works about nitrosamine and nitramine chemistry reactions have been developed 
in the last decades
30,119-121
 but studies on the generation of those compounds in chemical 
absorption units for CO2 capture are relatively scarce. MEA is the most studied 
sorbent
9,13,122
 and AMP, MDEA, PZ and aliphatic amines are also theoretically 
studied.
123
  
4.2. - Apparatus and lab-scale plants 
Specific equipment has been designed to analyze nitrosamine and nitramine reactions 
from amine solvents under typical post-combustion capture conditions. The solvent 
degradation rig (SDR) was described as a continuous lab-scale plant consisting of an 
absorption column, operated at 25 – 80ºC, and a stripping column, operated at 110 – 
150ºC. CO2 loading was maintained at 0.45 and 0.2 mol CO2 per mol MEA for rich 
amine and lean amine, respectively, although not being constant along the cycle. A 
mixed gas with N2, O2, CO2, H2O and NOx was used. NOx concentration varied between 
5 – 50 ppmv, whereas, O2 concentration was either 12 or 18%. Four operation modes 
were set up for 14 weeks with temperature, O2 and NOx concentration as variables. 
Liquid and gas samples were analyzed in several points along the SDR in order to 
determine the amine loss and the nitro-compounds production.
122
 Other facilities, such 
as Amino
TX
, were based on one absorption column combined with a high temperature 
bench scale autoclave where further thermal degradation was produced. The absorber 
was a random packed column where typical flue gases with different O2 and NOx 
composition were used. NOx was introduced in a range of 5 – 45 ppmv, with a NO/NO2 
ratio of 9/1, and O2 varied between 0 – 14%. The absorber and stripper temperature 
were 40ºC and 120ºC, respectively.  The experiment was run for 100 hours in the 
absorber, plus 24 hours in the high temperature autoclave. In this case, only O2 and NOx 
were varied.
13
 Batch reactors
115-117
 and cylindrical steel tubes
114
 were used to evaluate 
thermal degradation nitro-compounds at 120-150ºC and stripper pressure 
The European photochemical reactor (EUPHORE) has been design to investigate the 
photo-oxidation of MEA at atmospheric conditions in the presence of NOX. This 
equipment consists of two hemispherical outdoor reactors built in PTEF.
9 
In this study, 
NOx concentration varied between 0.005 and 1.5 ppmv. 
4.3. - Analytical methods 
There are only a few studies where nitrosamines and nitramines compounds have been 
analyzed. Liquid samplers were analyzed by LC-MS using triple quadrupole 
detector
60,122 
to determine amine concentration and nitrosamine production. GC 
combined with Nitrogen Chemiluminescence Detection (NCD) is instead used to 
identify total nitrosamine concentration.
122
 Fine et al.
115-117
 and Goldman et al.
114
 used 
reverse-phase HPLC-UV detector to determinate nitrite and nitrosamines. Other 
analytical techniques such as IC, GC-MS and LC-MS are used to identify nitrosamine 
and nitramine compounds.
13
 On-line method for amine volatile emissions at pilot plants 
has been developed by Fujita et al.
124
 In atmospheric photo-oxidation studies, 
nitrosamines and nitramines are analysed off-line by using different adsorbent tubes to 
collect samples. The analyses were performed using HPLC combined with either high 
resolution mass spectrometry (HRMS) using 
13
C2–labeled N-nitrosodimethylamine and 
D10-labeled N-nitrosodiethylamine as internal standards or diode array detector (DAD-
UV).
7,9,125
  Gas samples are analyzed using FT-IR to determine volatile compounds 
such as MEA, ammonia, formamide and nitro-compound derivates.
9,13,125
 
4.4. - Degradation products 
The main degradation products referenced in the literature have been summarized in 
Table 7. Two types of degradation phenomena are considered, nitro-compounds 
formation during CO2 capture operation and MEA photo-oxidation in atmospheric 
conditions under different NOx concentrations. NOx reacts directly with amines given 
nitro-compounds such as nitrosdiethanolamine, nitrosomorpholine and 
nitrosodimethylamine in CO2 capture process,
13
 while OH radicals attacks MEA by α-
carbon giving more than 80% of the degradation compound as formamide and 
formaldehyde.
9
 Amides and polyacrylonitrile-like compounds are the main degradation 
product theoretically proposed from MDEA.
122
 In PZ case, the main route is considered 
OH radicals attacks to form amines, nitrosamines and nitramines derived from PZ.
122
  
4.5. – Mechanisms and kinetic studies 
4.5.1.- Amine degradation in presence of NO-compounds  
Primary amines react with nitrosating agents to produce unstable nitrosamines. 
Therefore, nitrosamines are given from secondary amines by diazonium cation. A 
mechanism for nitrosamines during CO2 capture process was proposed by Fostas et al.
13 
DEA reacts in presence of NO to from nitrosamine as it is shown in Fig. 6. Other 
nitrosamines such as NDMA and NMOR are produced through DMA and MOR 
reactions with NO. NPZ was expected to be formed but it was not detected.
13
 
 Figure. 6. Mechanism proposed for nitrosamine formation from MEA in CO2 capture 
process adapted from Fostas et al.
13 
Goldman et al studied N-nitrosopiperazine formation from PZ by NO2
-
 reactions. An 
acid-base equilibrium followed by a nucleophilic attack, carbonyl group reformation 
and N-nitrosamine bond formation were proposed as mechanism. Reaction follows an 
Arhenius model with a first order in nitrite, piperazine carbamate and hydronium ion 
concentration. Activation energy was 84 kJ/mol and constant rate was 8.5 * 10
3
 
dm
6
/mol
2
s.
114
 
4.5.2.- Atmospheric degradation 
The main degradation products through atmospheric photo-oxidation are explained by 
H abstraction by OH radical.
9,110,111,122
 Degradation products from MEA such as 
formamide, formaldehyde, acetylenediol, methanimine and 2-oxo acetamide are formed 
by -CH2 group attack. H extraction from –CH2OH gives 2-hydroxy acetamide and 
formamide and rarely produces nitrosamines and nitramines.
9,122
 2-imine ethanol is 
produced via –NH2 group attack. Nitramines react with OH radicals to form N-
nitramine hydroxyl acetamide. 
H extractions from -CH2 and –CH3 in AMP solvent lead to acetone, acetamide and 
hydroxyacetone. Nitramines will be formed by –NH2 group attacks. Amides and 
polyacrylonitrile-like compounds are produced by -CH2OH and -CH3 group attack in 
MDEA and nitrosamines are formed from N-radicals produced by thermal 
decomposition reactions. OH radicals cause also main degradation products from PZ.
122 
Nitrosamines undergo further photo-oxidation under atmospheric conditions. Lifetime 
of those compound in the atmosphere is less than 30 minutes and thus direct emissions 
from CO2 capture units are considered the main source of nitrosamines. Nitramines are 
mainly produced under atmospheric conditions. They do not undergo photo-oxidation, 
showing higher lifetime under atmospheric conditions.
122 
Amine contribute to produce aerosols and submicrons particles that can lead to rainfall 
droplets. Amines has high solubility in water and surfactant properties and thus the 
presence of amine in the atmosphere can contribute to form new particles and droplets 
from smaller aerosols. Mechanism related to aerosol and particles formation has also 
been proposed in the literature.
107,122 
5. - FUTURE DIRECTIONS 
Amine degradation involves a large amount of reactions and degradation compounds. 
Many authors have suggested that the current knowledge about degradation compounds 
of major amine-based solvents is not enough to complete the mass balance during 
degradation. About 50% to 75% of the carbon mass balance is known when using MEA 
as sorbent,
11,25
 while only one third of the nitrogen mass balance  has been 
determined.
28
 Although the main degradation products have been identified, many 
degradation compounds are still unknown. Further research must be focused on the 
degradation products identification in order to close the nitrogen and carbon mass 
balance during the experimental tests.  
The analytical methods used in amine loss determination and degradation products 
identification have experienced a great development in recent years. LC-MS and IC-MS 
provide uncertainty less than 1% in amine concentration measures, and have been 
preferred to GC-MS analysis. However, in the case of products identification, authors 
still prefer GC-MS methods because of their superior identification tools. 
Although several oxidative and thermal degradation studies have been carried out, a 
comparison between thermal and oxidative degradation is not straight forward for 
several reasons. Firstly, degradation studies were carried out at extreme operation 
conditions, such as temperatures higher than 120ºC, pressure up to 2MPa, using high 
purity CO2 and O2 and addition of cations in the solution in order to speed up the 
degradation rates obtained at real operating conditions and to reduce experimental time 
from months to weeks. Moreover, degradation studies carried out at both pilot plants 
and thermal-oxidative cycling units, i.e. ISDA unit, provided a global degradation 
overview and did not discuss each degradation process individually. 
Experimental tests have been set up in different operation modes for each type of 
degradation. Most of thermal degradation studies were run in batch reactors, while gas 
streams with different levels of O2 were pumped through the solution in oxidative 
degradation studies in semi-batch reactors. Only few works have provided a comparison 
between both oxidative and thermal degradation running the experiments at 140ºC and 
2MPa in batch reactors,
16,28,45,48,79,102
, where thermal degradation without CO2 was 
considered negligible in comparison with the presence of CO2 and O2.
44,48,102
 The 
degradation with CO2 was higher than in the presence of O2 (21%) in all the cases. The 
results showed that 42% of MEA was lost in 15 days in the presence of CO2, while 21% 
was lost with O2,
48,102
 AMP degraded 21% and 8.6% at the same conditions, 
respectively.
45
 
In general, degradation rates in oxidative degradation experiments were higher than 
thermal degradation rates, even more in the presence of cations such as Fe
+2
 and 
Cu
+2
.
16,28,44,45
 At 55°C, PZ and MEA degraded 8% and 44%, respectively, in presence of 
1mM Fe
+2
 for 450 hours. Their degradation increased to 28% and 73%, respectively, in 
presence of Cu
+2
 for 200 hours. Thermal degradation of PZ at 150ºC required 30 weeks 
to reach comparative degradation rates.
44
 
Finally, several studies have shown amines as precursors of nitrosamines, nitramines 
and nitramides compounds by both NOX reactions and atmospheric photo-oxidation. 
Only a few apparatus have been designed to study nitro-compounds reactions under 
CO2 chemical absorption conditions and atmospheric degradation, including SDR and 
EUPHORE, respectively. MEA is the only solvent which has been studied and its 
products and mechanism are well known. Extensions to other solvents and blends are 
required to evaluate the potential capacity to form nitro-derivate compounds. Studies of 
degradation of amines in presence of other radicals in the atmosphere such as Cl
-
, O3 
and NO3
-
 are required to identify new potential harmful degradation products under 
atmospheric conditions.
122 
6. – CONCLUSIONS 
A review of recent works on degradation of amine-based solvents used in CO2 capture 
by chemical absorption has been summarized, including over 25 solvents and blends.  
In general, batch reactors have been typically used at temperatures between 120-200ºC 
and pressures up to 25 bar due to low degradation rates showed by amine solvents. New 
cyclic systems and apparatus have been designed, such as ISDA and HTCS, to 
reproduce the real operating conditions in chemical absorption units, while only a few 
pilot plant studies on amine degradation have been reported in the literature. 
The main analytical methods used in amine degradation studies have been summarized 
in this review. LC-MS and IC-MS have been selected to be applied to amine loss 
determination while IC-MS and HPLC have been used to amine degradation products 
quantification. GC-MS is still the preferred method to identify degradation products. 
Several formation mechanisms have been proposed for amine degradation. Electron 
abstraction and hydrogen abstraction are reported as the main mechanisms for oxidative 
degradation, while carbamate polymerization is the prevalent mechanism for thermal 
degradation. Therefore, presence of CO2 is crucial to produce thermal degradation in 
amine solvents. Carbamate polymerization affects primary, secondary and also tertiary 
amines, which are involved in methylation/demethylation reactions previous thermal 
degradation. Many degradation products have been identified but their mechanism is 
still unknown. A few kinetic models have been proposed and reviewed here, which fit 
fairly well with the reported experimental data.  
Oxidative degradation studies have shown higher degradation rates than those reported 
for thermal degradation. Several studies carried out using pilot plants found that the 
degradation products were very close to typical oxidative degradation products. 
Therefore, oxidative degradation is considered the dominant mechanism in real CO2 
absorption process. 
Concerns about nitrosamine and nitramines formation during CO2 capture process using 
amine-based solvents has grown in recent years. It has been shown that MEA has 
potential capacity to react with NOx from flue gas to form nitro-compounds which are 
potentially harmful to the human health and the environment. Further studies are 
required to identify other potential nitro-compounds and main formation mechanism in 
presence of NOx via photo-reduction and to extent to other amine-based solvents. 
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Table 1. Summary of oxidative and thermal degradation studies 
Abb Name Chemical Formula MW 
BP 
(ºC) 
Oxidative 
Degradation 
Thermal 
Degradation 
EDA Ethylenediamine NH2C2H4NH2 60 117  11,23,44 
 25,26,44,65
,66 
MEA Monoethanolamine NH2C2H4OH 61 171 
10-
12,14,16,22,
23,31,44-54  
 15,16,25,26
, 
44,45,101 
DAP 1,2-diamino-propane CH3CHNH2CH2NH2 74 120 23  - 
MPA 3-aminopropanol NH2C2H4OH 75 185 -  25,67 
MIPA 1-amino-2-propanol CH3CH(OH)CH2NH2 75 160 -  26 
MMEA N-methylethanolamine CH3NHC2H4OH 75 160  28,48,49  25,28,48,67 
PZ Piperazine C2H4NHC2H4NH 86 140 
 23,44,45,55
-60 
 27,44,45,5-
59,65 
MAPA 
3-methylamino-1-
propylamine 
NH2C3H6NHCH3 88 140  23 25,67  
N,N-
diMEDA 
N,N-
dimethylethylenediami
ne 
(CH3)2NC2H4NH2 88 105  48,49  48 
N,N'-
diMEDA 
N,N'-
dimethylethylenediami
ne 
CH3NHC2H4NHCH3 88 119  48,49  48 
AMP 
2-amino-2-methyl-1-
propanol 
HOCH2C(NH2)(CH3)2 89 165 
 11,23,24,44
, 
45,47-49 
 25,26,44,45 
48,67 
DMAE 
N,N-
dimethylethanolamine 
(CH3)2NC2H4OH 89 135 48,49   48,67 
NMPZ N-methyl-piperazine C2H4(CH3)NC2H4NH 100 138  23  65 
N,N,N-
triMED
A 
N,N,N'-
trimethylethilenediami
ne 
(CH3)2NC2H4NHCH3 102 140  48,49  48 
DETA diethylenetriamine NH2C2H4NHC2H4NH2 103 207  44  25,44,67 
HEEDA 
N-(2-
hydroxyethyl)ethylene
diamine 
NH2C2H4NHC2H4OH 104 239  48,49  25,48,67 
AMPD 
2-amino-2-
methylpropane-1,3-
diol 
(HOCH2)2C(NH2)CH3 105 151 -  26 
DGA Diglycolamine NH2C2H4OC2H4OH 105 221  11,44,51  25,44 
DEA Diethanolamine (C2H4OH)2NH 105 269 
 11,21,48,49
, 
51,62,63 
 48,64,67,92 
GLY potassium glycinate KCOOCH2NH2 113 241 11,23  - 
DMP 
N,N'-
dimethylpiperazine 
C2H4(CH3)NC2H4N(CH3) 114 132  48,49  48 
2-PM 2-piperidinemethanol 
 C2H4NHCH(CH2OH)C2
H4 
115 101 -  25 
HMDA 
Hexamethylenediamin
e 
NH2C6H12NH2  116 205 -  65 
TMEDA 
N,N,N',N'-
tetramethylethylenedia
mine 
(CH3)2NC2H4N(CH3)2 116 121  48,49  48 
MDEA Methyldiethanolamine CH3N(C2H4OH)2 119 247 
 21,29,48-
51,64 
 25,29,48,67 
69,70 
2-PE 2-piperidineethanol 
C2H4NHCH(C2H4OH)C2
H4  
129 234 -  65 
AEP 
N-(2-
aminoethyl)piperazine 
 C2H4(C2H4NH2)NC2H4N
H 
129 220 -  25 
HEP 
N-(2-
hydroxyethyl)piperazi
ne 
C2H4(C2H4OH)NC2H4NH 130 246  44  25,44 
TAU potassium taurinate KSO3CH2NH2 149 -   23 - 
MEA-
DGA 
Blends -  - - -  25 
MEA-
MDEA 
Blends -  - -  50  50,70 
MEA-PZ Blends -  - -  44  25,45 
MEA-
AMP 
Blends -  - -  11,44  25,45 
AMP-PZ Blends -  - -  44  45,65 
DIAMIN
ES-PZ 
Blends -  - -  -  55,56 
AEP-PZ Blends - - - - 57 
MDEA-
PZ 
Blends -  - -  23 - 
PZ-MPZ Blends -  - - -  65 
MDEA-
DEA 
Blends -  - - -  71 
MDEA-
DEA-
AMP 
Blends -  - - -  71 
PZ-
DMPZ-
MPZ 
Blends -  - - -  65 
 
 
  
 
 
 
 
 
 
 
 
Table 2. Summary of the amine solvents studied in the literature and its main 
degradation products 
Solvent Main Degradation Product Abbreviation MW 
MEA 
Ammonia - 17 
Formic Acid - 46 
Acetic Acid - 60 
2-oxazolidone OZD 87 
N-(2-hydroxyethyl)formamide HEF 89 
N-(2-hydroxyethyl)imidazole HEI 112 
N-(2-hydroxyethyl)piperazin-3-one HEPO 144 
N-(2-hydroxyethyl)-2-(2-hydroxyethylamino)acetamide HEHEAA 162 
N,N’-Bis (2-hydroxyethyl)oxamide BHEOX 176 
DEA 
Formic Acid - 46 
Acetic Acid - 60 
Monoethanolamine MEA 61 
Glycolic Acid - 76 
N-methyldiethanolamine MDEA 119 
N-(carboxymethyl)diethanolamine BICINE 163 
N,N -bis(2-hydroxyethyl)piperazine BHEP 174 
N,N,N -tris(2-hydroxyethyl)ethylenediamine THEED 192 
MDEA 
Methylamine - 31 
Ethylene Oxide EO 44 
Dimethylamine - 45 
Formic Acid - 46 
Acetic Acid - 60 
N-methylethanolamine MAE 75 
Glycolic Acid - 76 
N,N-(dimethyl)ethanolamine DMAE 89 
Oxalic Acida - 90 
Diethanolamine DEA 105 
N-methylmorpholin-2-one - 115 
N-methylmorpholin-2,6-dione - 129 
2-[Methyl(2-hydroxyethyl)amino] Acetic Acid - 133 
N,N,N -trimethyl-N -(2-hydroxyethyl)ethylenediamine - 146 
triethanolamine TEA 149 
N-(carboxymethyl)diethanolamine BICINE 163 
PZ 
Formic Acid - 46 
Nitrous Acid - 47 
Acetic Acid - 60 
Nitric Acid - 63 
Ethylenediamine EDA 75 
Glycolic Acid - 76 
Oxalic Acida - 90 
2-oxopiperazine OPZ 100 
Formylpiperazine FPZ 114 
1-mononitrosopiperazine MNPZ 115 
AMP 
Ammonia - 17 
Formic Acid - 46 
Nitrous Acid - 47 
Acetic Acid - 60 
Nitric Acid - 63 
Glycolic Acid - 76 
Oxalic Acida - 90 
2,4-Lutidine - 107 
4,4-dimethyl oxazolidinone DMOZD 115 
MMEA 
Formic Acid - 46 
Acetic Acid - 60 
Monoethanolamine MEA 61 
ethylenglycol EG 62 
Glycolic Acid - 76 
1-methylimidazole MI 82 
2.dimethylamino ethanol DMAE 89 
1,x-dimethylimidazole DMI 96 
N-methyloxazolidinone MOZD 101 
N-(2-hydroxyethyl)-N-methylformamide HEMF 103 
1-(2-hydroxyethyl)imidazole HEI 112 
N,N -dimethyl-N -(2-hydroxyethyl)ethylenediamine - 132 
DMAE 
Formic Acid - 46 
Acetic Acid - 60 
N-methylethanolamine MMEA 75 
Glycolic Acid - 76 
Oxalic Acid - 90 
N,N -dimethyl-N -(2-hydroxyethyl)ethylenediamine - 132 
N,N,N -trimethyl-N -(2-hydroxyethyl)ethylenediamine   146 
HEEDA 
Monoethanolamine MEA 61 
Ethylenediamine EDA 75 
N-(2-hydroxyethyl)piperazin-3-one HEPO 144 
N,N-bis(2-hydroxyethyl)ethanodiamine - 148 
DMP 
Formic Acid - 46 
N,N'-dimethylethylenediamine N,N´-diMEDA 88 
N-methylpiperazine MPZ 100 
N,N-dimethylpiperazin-3-one - 128 
N,N-dimethyl-2-methylpiperazin-3-one - 141 
TMEDA 
Glycolic Acid - 76 
N,N,N'-trimethylethilenediamine N,N,N´-triMEDA 102 
N,N -dimethylpiperazine DMP 114 
N,N-dimethylpiperazin-3-one - 128 
N,N,N',N'',N''-pentamethyldiethilenetriamine - 173 
N,N´-
diMEDA 
Formic Acid - 46 
N-methylethilenediamine MEDA 89 
N,N,N'-trimethylethilenediamine N,N,N´-triMEDA 102 
N,N-dimethylpiperazin-3-one - 128 
N,N-dimethyl-2-methylpiperazin-3-one - 141 
N,N-
diMEDA 
Formic Acid - 46 
Glycolic Acid - 76 
N,N-dimethylethylenediamine N,N-diMEDA 88 
N,N,N',N'-tetramethylethylenediamine 
N,N,N´,N´-
tetraMEDA 
116 
N,N-dimethylpiperazin-3-one - 128 
N,N-dimethyl-2-methylpiperazin-3-one - 141 
  
 
 
 
 
 
 
 
 
 
Table 3. Kinetic model for oxidative degradation 
Reference Description Equation Parameters Value 
29 
MDEA degradation 
model developed to 
allow preditions of 
three degradation 
products   
  Formate DEA Bicine 
K0 (1/h) 2.42 0.06 3.388*10
-3 
Ea (J/mol) 107000 85054 85010 
S 0.1 16.7 4848.2 
14 
Model for MEA 
degradation in 
presence of SO2, 
O2 and CO2   
It is supposed that 
MEA only reacts 
with O2 dissolved 
  
K0 * 6.74*10
9 
Ea (J/mol) 29403 
a 0.015 
b 2.91 
c 3.58 
d 1.18 
73 
Linealizable Power 
Law, Model for 
MEA degradation 
in presence of SO2, 
O2 and CO2     
 It is supposed that 
MEA only reacts 
with O2 dissolved 
  
K0 * 0.7189 
Ea (J/mol) 20752 
n 1.359 
p -0,033 
m 0.02945 
s 2.004 
73 
NonLinealizable 
Rate Model,  
Model for MEA 
degradation in 
presence of SO2, 
O2 and CO2   
   It is supposed that 
MEA only reacts 
with O2 dissolved 
  
K0 * 0.00745 
Ea (J/mol) 45285 
n 1.91 
p 0,33 
m 3.42 
s 2.78 
 
 
  
 
 
 
 
 
 
 
 
Table 4. Averaged MEA degradation rate (kmol/m
3
h*10
-5
) obtained for each inhibitor 
tested. Operating conditions: 5 m MEA, 6% O2 and 6 ppm SO2 and 393 K. * Na2SO3 
was investigated without the presence of SO2 .
46
 
Inhibitor 
Concentration (mol/m
3
) 
0 1.25 2.5 5 10 25 50 60 100 300 500 1000 
Na2SO3
*
 
47.4 
- - - - - 4 - 65.6 128 - - 
KNaC4H4O6·4H2O - - 57.1 2.6 - - 10.2 8.04 18.8 - - 
EDTA 34.1 14.4 52.9 - - - - 148 - - - 
NH2OH - - - - 5.96 - - - - 37.6 21.4 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Table 5. Summary of the amine solvents studied in the literature and its main thermal 
degradation products 
Solvent Main Degradation Product Abb. MW 
MEA 
1-amino-2-propanol - 75 
2-oxazolidone OZD 87 
2-Methylpiperazine - 100 
2-methyl-3-oxazolidine - 101 
4-methylmorpholine - 101 
N-(2-hidroxyethyl)-ethylenediamine HEEDA 104 
1-(2-hydroxyethyl)-2-imidazolidone HEIA 130 
1-piperazineethanol - 130 
N,N`-bis(2-hidroxyethyl)urea UREA 148 
N-(2-aminoethyl)-N’-(2-hydroxyethyl)imidazolidinone AEHEIA 173 
N,N´-bis(2-hydroxyethyl)imidazolidin-2-one BHEI 174 
N,N,N -tris(2-hydroxyethyl)ethylenediamine THEED 192 
DEA 
Monoethanolamine MEA 61 
N-(2-hydroxyethyl)aziridine HEM 87 
N-(2-hydroxyethyl)oxazolidin-2-one HEOD 131 
N,N-bis(2-hydroxyethyl)ethylenediamine - 148 
Triethanolamine TEA 149 
N,N -bis(2-hydroxyethyl)piperazine BHEP 174 
N,N,N -tris(2-hydroxyethyl)ethylenediamine THEED 192 
Bis-(2-(2-hydroxyethylamino)ethyl)ether BHEAE 192 
N-(2-hydroxyethyl)-N -(2-(2- hydroxyethylamino)ethyl)piperazine HEAEHEP 217 
N-2-[bis(2-hydroxyethyl)-amino]ethylpiperazine HEAEP 217 
N-2-[bis(2-hydroxyethyl)-amino]ethyloxazolidin-2-one HAO 218 
N,N,N ,N -tetrakis(2-hydroxyethyl)urea TEHEU 236 
N,N,N ,N -tetrakis(2-hydroxyethyl)ethylenediamine THEED 236 
N-2-[bis(2-hydroxyethyl)-amino]ethyl-N -(2-hydroxyethyl)piperazine HAP 261 
N,N,N ,N -tetrakis(2-hydroxyethyl)diethylenetriamine TEHEDT 279 
N,N,N ,N  -tetrakis(2-hydroxyethyl)diethylenetriamine i-THEDT 279 
MDEA 
Methanol - 32 
Ethylene oxide EO 44 
Formamide - 45 
Formic Acid - 46 
Trimethylamine TMA 59 
Ethyleneglycol EG 62 
N,N-dimethylethylamine DMEA 73 
N-methylethanolamine MMEA 75 
2 - dimethylamino etanol DMAE 89 
Diethanolamine DEA 105 
1,4-dimethylpiperazine DMP 114 
3-(hydroxyethyl)-2-oxazolidone HEOD 131 
1-(2-hydroxyethyl)-4-methylpiperazine HPM 144 
Triethanolamine TEA 149 
N-(carboxymethyl)diethanolamine BICINE 163 
N,N-bis-(2-hydroxyethyl)-piperazine BHEP 174 
N,N,N -tris(2-hydroxyethyl)ethylenediamine THEED 192 
PZ 
Ammonia - 17 
Ethylenediamine EDA 75 
Formic Acid - 46 
N-methylpiperazine MPZ 100 
N-formylpiperazine FPZ 114 
N,N –dimethylpiperazine DMP 114 
N-ethylpiperazine EZP 114 
1-(2-aminoethyl)piperazine AEP 129 
N-(hydroxyethyl)piperazine HEP 130 
1,4-di(2-aminoethyl)piperazine DAEP 172 
AMP 
N,2,2-trimethylethanolamine - 103 
4,4-Dimethyloxazolidin-2-one DMOZD 115 
N,4,4-Trimethyloxazolini-2-one - 129 
4,4-Dimethyl-1-hydroxytertiobutylimidazolidin-2-one DMHTBI 186 
2-[(2-amino-2-methylpropyl)amino]-2-methyl-1-propanol AMPAMP   
MMEA 
N-methyloxazolidinone MOZD 101 
N,N –dimethylpiperazine DMP 114 
N,N´-dimethyl imidazolidinone DMIDZ 114 
N,N´-dimethyl-N`-(2-hidroxyethyl)ethylenediamine DMHEED 132 
N-(-hydroxyethyl)-N´-methylpiperazine HMP 144 
N,N´,N´´-trimethyl-N´´-(2-hydroxyethyl)diethylene triamine trimer 189 
N,N´,N´´,N´´-tetramethyl-N´´´´-(2-hydroxyethyl) triethylenetetramine tetramer 246 
AEP 
1-[2-[(2-aminoethyl)amino]ethyl]piperazine - 170 
1,4-piperazinediethanamine - 172 
DMAE 
Ethyleneglycol EG 62 
N-methylethanolamine MMEA 75 
N-methyloxazolidinone MOZD 101 
N,N -dimethyl-N -(2-hydroxyethyl)ethylenediamine - 132 
HEEDA 
Monoethanolamine MEA 61 
2-oxazolidone OZD 87 
N-(2-hydroxyethyl)piperazin-3-one HEPO 144 
N,N-bis(2-hydroxyethyl)ethanodiamine - 148 
DMP 
N-methylpiperazine MPZ 100 
N,N´-bis(2-methyl)imidazolidin-2-one - 114 
N,N-dimethylpiperazin-3-one - 128 
N,N-dimethyl-2-methylpiperazin-3-one - 141 
TMEDA 
N-methyloxazolidinone MOZD 101 
N,N,N'-trimethylethilenediamine N,N,N´-triMEDA 102 
N,N –dimethylpiperazine DMP 114 
N,N,N',N'',N''-pentamethyldiethilenetriamine - 173 
N,N´-diMEDA 
N,N´-bis(2-methyl)imidazolidin-2-one - 114 
N,N –dimethylpiperazine DMP 114 
N,N',N''-trimethyldiethilenetriamine - 145 
N,N-diMEDA 
Monoethanolamine MEA 61 
N-methylethilenediamine MEDA 89 
N-[2-[(N,N-dimethyl)amino] ethyl]imidazolidin-2-one - 113 
1-methyl-2-imidazolidone - 130 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Table 6. Summary of thermal degradation kinetic models in the literature. 
Reference Description Equation Parameters Value 
69 
MDEA degradation first order kinetic 
model based on Arrhenious law. CO2 
absorption is not mass transfer limited 
 
    
  
        
 
     
  
   
A (1/s) 2,34*10
4 
Ea (J/mol) 57400 
25 
MEA degradation kinetic model based 
on Arrhenious law 
 [   ]
  
       
 
      [   ][   ] 
 
B=   [     ][   ] 
 
C=    [      ][   ] 
         
  
  
 
 
A1 (L/mols) 1,22*10
11 
Ea1 (J/mol) 143792 
A2 (L/mols) 2,49*10
11 
Ea2 (J/mol) 139194 
A3 (L/mols) 0,37*10
11 
Ea3 (J/mol) 131670 
44 
PZ (8 m) pseudo-first order 
degradation kinetic model based on 
Arrhenious law at different 
temperatures (α = 0.3) 
 
    
  
        
 
         
  
  
 
k1 (1/s) at 135ºC 1,16*10
-9 
k1 (1/s) at 150ºC 6,12*10
-9 
k1 (1/s) at 175ºC 1,40*10
-7 
Ea (J/mol) 184000 
55-57 
PZ/AMP and PZ/DIAMINES blends 
pseudo-first order degradation kinetic 
model based on Arrhenious law (α = 
0.3-0.4 and T=175ºC)  
 
    
  
       
 
         
  
  
 
k1 (1/s) PZ in PZ/AEP 1,6*10
-7 
k1 (1/s) PZ in PZ/BAE 1,3*10
-7 
k1 (1/s) PZ in PZ/DAB 1,6*10
-7 
Ea (J/mol) 180000 
45 AMP (4,75 M) degradation kinetic  
     
  
         k1 (1/s) at α = 0,15 13,1*10
-9 
model at different CO2 loadings at 
135ºC 
 
         
  
  
 
k1 (1/s) at α = 0,3 18,9*10
-9 
 
 
Table 7. Summary of the main nitrosamines and nitramine products formed from MEA 
referenced in atmospheric and NOX degradation studies. 
Degradation study Solvent Main Degradation Product Abb. MW References 
CO2 capture in presence of NOx 
MEA 
nitrosodimethylamine NDMA 74 13,122 
nitrosomorpholine NMOR 116 13 
nitrosodiethanolamine NDELA 134 13,83,122 
nitroso-(2-hydroxyethyl)-glycine NHEGly 148 122 
PZ 
N-nitrosopiperazine MNPZ  
115-117 
dinitrosopiperazine DNPZ  
Photo-oxidation of solvent emitted 
to air in presence of NOx 
 
MEA 
methanimine - 28 122 
formaldehyde - 30 9, 122 
formamide - 45 9, 122 
acetylenediol - 58 122 
amine acetaldehyde - 59 122 
2 imine ethanol - 59 9 
2-oxo acetamide - 73 9 
2-hydroxy acetamide - 75 122 
2-nitroamine ethanol - 106 9 
AMP 
Acetone - 58 
122 
Acetamide - 59 
Hydroxyacetone - 74 
Hydroxylacetamide - 75 
N-nitroso formamide - 88 
N-nitro formamide - 104 
MDEA 
N-methyl formamide - 59 
122 
N-hydroxymethylformamide - 75 
N-methyl, N-methanol formamide - 89 
N-nitroso N-methyl ethanolamine - 90 
N- methyl, N-ethanol formamide - 103 
N,N-dimethanol-formamide - 105 
N-nitroso diethanolamine - 106 
N-methanol, N-ethanol formamide - 119 
N,N-diethanol formamide - 133 
PZ 
2-Piperazinone - 100 
122 
N-(N’-nitroso ethanamine) acetamide - 131 
N-(N’-nitro ethanamine) acetamide - 147 
N,N'-1,2-ethanediylbis-formamide - 174 
 
 
